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ABSTRACT 
The goal of any solar photovoltaic (PV) system is to generate maximum energy 
throughout its lifetime. The parameters that can affect PV module power output include: 
solar irradiance, temperature, soil accumulation, shading, encapsulant browning, 
encapsulant delamination, series resistance increase due to solder bond degradation and 
corrosion and shunt resistance decrease due to potential induced degradation, etc. Several 
PV modules together in series makes up a string, and in a power plant there are a number 
of these strings in parallel which can be referred to as an array. Ideally, PV modules in a 
string should be identically matched to attain maximum power output from the entire 
string. Any underperforming module or mismatch among modules within a string can 
reduce the power output. The goal of this project is to quickly identify and quantitatively 
determine the underperforming module(s) in an operating string without the use of an I-V 
curve tracer, irradiance sensor or temperature sensor. This goal was achieved by utilizing 
Radiovoltmeters (RVM). In this project, it is demonstrated that the voltages at maximum 
power point (Vmax) of all the individual modules in a string can be simultaneously and 
quantitatively obtained using RVMs at a single irradiance, single module operating 
temperature, single spectrum and single angle of incidence. By combining these 
individual module voltages (Vmax) with the string current (Imax) using a Hall sensor, the 
power output of individual modules can be obtained, quickly and quantitatively.  
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1 INRODUCTION 
1.1 Background  
Photovoltaic (PV) modules are the smallest component making up a solar PV power 
plant. Several PV modules are connected in series to make a string. The number of PV 
modules in a string depends on the voltage input capacity available at the inverter and the 
respective electric code. Typically, a solar PV power plant consists of thousands of PV 
strings with each string comprising between 16-30 PV modules each.  The total energy 
generated in a solar PV power plant depends on the output power of each string and in 
return on the output power of each individual module in that string. The goal of this 
project is to develop a new methodology to determine underperforming modules and to 
propose an efficient technique for locating any underperforming module within a string. 
This type of determination is traditionally done by taking I-V curves of each module 
which is very expensive and time consuming. The new technique is based on the usage of 
radiovoltmeters (RVM) and the simultaneous and remote measurements of the voltages 
of all individual modules in each string in order to detect any underperforming modules. 
The described methodology only requires one single measurement, which makes this 
approach fast, easy to implement, and less costly. The merits of RVM method in 
comparison to the traditional I-V curve tracer method is presented as follows: 
I-V tracer method:  
 Costly and excessively time consuming to obtain I-V curves 
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 Requires I-V curve translation model to STC to determine the bad modules in a 
string 
 Requires irradiance and temperature sensors to determine the bad modules in a 
string 
 Degradation rates of all the modules in a string can be determined only by using 
multiple irradiance levels and multiple module temperature levels which are prone 
to translation errors 
RVM method:  
 Inexpensive and less time consuming 
 Does not require I-V curve translation model to instantly determine the bad and/or 
underperforming modules in a string 
 Does not require irradiance and temperature sensors to instantly determine the bad 
modules in a string 
 Degradation rates of all the modules in a string can be determined by using a 
single irradiance level and a single module temperature level 
1.2 Statement of Problem  
 In order to generate maximum energy (kWh) from a PV system and minimize the 
Levelized Cost of Energy (LCOE), a fast and quantitative technique for identification of 
underperforming modules in a string is essential, as owners, investors and insurance 
companies are mainly interested in lowering the financial uncertainty. For this reason, the 
power determination of field-aged PV modules over time is critical for the plant owners 
from two perspectives: 
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(i) Make warranty claims: PV modules degrade over time, therefore, an accurate as well 
as a fast power degradation rate determination method is needed to make warranty claims 
with manufacturers. 
(ii) Lower the financial uncertainty: One or more underperforming modules in a string 
will drastically bring down the entire string power. So instantaneous and quantitative 
identification of underperforming modules in a string is required by the investors, 
owners, and insurance companies. 
An efficient technique to fulfill this industry need is being presented in this thesis work. 
1.3 Objective 
Traditionally, taking an I-V curve is the most common and accurate measurement used 
by the industry to find underperforming modules in a string. This technique requires 
taking an I-V curve of each individual module in a string one by one. Detecting 
underperforming modules by taking I-V curves of individual modules is usually time and 
manpower intensive.  In addition, to quantitatively determine the underperforming 
modules, the I-V curve tracing technique requires I-V curve translation models to 
translate the collected I-V data from multiple measured conditions to a single standard 
test condition (STC). The objective of this thesis is to quantitatively determine the Pmax 
of individual module and identify the underperforming modules in a string at a single 
irradiance, temperature, spectrum and angle of incidence without the use of any 
translation models.  
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2 LITERTURE REVIEW 
2.1 Overview of PV Performance 
Performance measurements are one of the most important aspects in the commissioning 
stage as well as in the operations stage of a PV project, as this process allows to predict 
the amount of energy that can be generated by a PV system. Everyone who is investing in 
solar energy generation systems is interested to know whether the PV modules are 
working to the best of their potential or not. To verify that all modules are working 
properly, performance measurements are needed. There are many factors contributing to 
the performance of a module which will be addressed in the following sections. 
2.2 Low Irradiance Contribution 
2.2.1 Reflection Loss  
The most efficient orientation of a solar module is when the light strikes perpendicular to 
the surface of the module. Any other angles can cause reflection on the front glass which 
adds to reflection loss. The angle between a ray of light falling on the surface and the 
normal drawn at the point of incidence is called Angle of Incidence (AOI). Reflection 
loss is directly proportional to the AOI, the smaller the AOI the less the reflection loss.  
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Figure 1 Angle of Incidence [1] 
Figure 1 [1] shows the angle of incidence of a tilted PV module. Reflection loss 
diminishes the performance of PV cells by lowering the short circuit current. Due to 
reflection some photons which are normally able to create electron-hole pairs are 
reflected from the surface and lost. Figure 2 shows the reflection from  
 
Figure 2 Reflection from Different Surface of a PV Cell [1] 
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different surfaces of a PV cell, including the surface of the cell, the surface of metal 
contact coverage, and the rear surface of the cell. A helpful coefficient which gives a 
good underestanding of reflection factor quantitavely is mentioned in equation 2-1. 
 ܀ ൌ ൬ܖ૙ െ ܖܛܑܖ૙ ൅ ܖܛܑ൰
૛
 2-1 
Where ݊଴	and ݊௦௜ are reflective index of surrounding and silicon respectively, and R is 
the reflection factor which shows howmuch light reflects from the surface. Low values of 
R lead to less reflection loss.  
Improving reflection loss 
In PV industry there are some common techniques for reducing reflection loss these 
include: 
 Minimizing the metallic top contact coverage 
 Using anti reflection coating on the top of the PV cell 
 Texturing the surface of the PV cell 
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2.2.2 Browning Loss 
Figure 3 shows the typical construction of a crystalline PV module [2]. Encapsulant 
layers surround the cells, sandwiched between the glass superstrate and the backsheet 
material. Encapsulant is made of various types of polymers with Ethyl Vinyl Acetate 
(EVA) being the most popular one. EVA provides high optical transparency, good 
resistance against weather related stress, good thermal conductivity, and low cost. 
Figure 3 Multi-layer Construction of a PV Module [2] 
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The two layers (backsheet material and the front glass cover) form a protective structure. 
An Aluminum frame is used to give further integrity and structural support for the 
installation of the module. A junction box is glued to the back cover which houses the 
electrical connections and diodes. Browning is a process which occurs due to photo-
thermal degradation of the encapsulant material and often leads to poor module 
performance. Ultraviolate (UV) light exposure and high temperature are two main factors 
which accelerate the browning process [3]. Figure 4 illustrates a PV module with 
browned EVA. The browning around the center of the cells is quite prominent, whereas 
due to oxygen bleaching the browning close to edge of the cells is less visible [4]. 
 
2.2.3 Soiling Loss  
Soiling is one of the most influential environmental parameters having a direct impact on 
PV performance by reducing the short circuit current. One of the first efforts in 
Figure 4  Module with EVA Browning [4] 
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addressing the soiling issue was done at ASU-PRL in Mesa AZ [5]. Through the study, a 
detailed model for soiling was obtained by monitoring the losses due to soiling. This 
model can be used to determine the optimal frequency for cleaning the modules. Another 
major study was conducted at ASU-PRL to evaluate the soiling loss in different locations 
of the desert climatic region. The main goal of this study was to validate the daily soiling 
rate obtained from the first study. The importance of the tilt angle in soiling loss for 
different climates was the focus area of another research study [6]. The results of that 
study showed that the soiling loss factor (SLF) of PV modules is an occurrence coming 
from the interaction between rain frequency, dust frequency, tilt angle, and height of the 
module. Waterless web-based monitoring with redundant sensors is proposed in [7]. The 
effect of soiling on glass surface resistance is investigated in [8]. The soiling effect can 
potentially accelerate the Potential Induced Degradation (PID). In this study three soiling 
types were examined and it was determined which has more impact on the surface 
resistivity and also addresses the effect of humidity in PID. 
2.2.4 Shading Loss 
 PV performance is significantly influenced by shading [9]. Shading reduces the light 
energy received by PV cells. This becomes a bigger problem when shaded cells go into 
reverse bias region which causes high voltage drops across the reverse biased cells. This 
results in high power dissipation which can cause hot spots and potentially lead to a fire. 
To minimize this issue, the cells of a module are divided into several strings and a bypass 
diode is installed in parallel with each string. Figure 5 shows a typical module with three 
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bypass diodes and three groups of cells (three strings). In this figure, 72 cells are divided 
into three groups (strings) and one diode is inserted in parallel with each string. 
2.3 Excessive Voltage Drop  
Series resistance plays a significant role in excessive voltage drop in a PV system. 
Electrons, generated through photovoltaic process, must be collected by metallic-fingers, 
buses, and wires, fingers and buses are shown in Figure 6 . The best performance is 
achieved when the total resistance of these metallic parts is as minimal as possible. PV 
performance is strongly influenced by series resistance. High series resistance causes a 
reduction in the fill factor (FF) and Pmax [10]. To gain the maximum energy from a PV 
Figure 5 A Typical Module with Bypass Diodes 
Figure 6 PV Cell Metallization [1] 
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module the series resistance must be kept as low as possible. Figure 7 demonstrates the 
effect of extra series resistance on FF. In this figure, the I-V curve of two PV cells are 
compared; the red curve shows the cell with larger series resistance and the blue curve 
shows an ideal cell. 
2.4 Environmental Factors  
Temperature 
Normally a PV module converts less than 20% of the total available energy into 
electricity and the other 80% is converted into heat. The heat created in the PV cells 
combined with the ambient temperature and wind speed determines the cell temperature. 
Cell temperature is a critical parameter in PV performance. Under a constant irradiance 
from a solar simulator, the effect of the cell temperature on ௢ܸ௖,	 ௠ܲ௔௫,	ܫ௦௖, and FF for 
monocrystalline technology has been addressed in [11]. The effect of temperature on 
Figure 7 Effect of Series Resistance in Fill Factor [10] 
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different types of PV technologies might be different which are addressed in [12]. This 
study shows that monocrystalline has the highest performance reduction when the 
temperature increases. Temperature dependency correlation using PVsyst simulation 
software and outdoor experiments are investigated in [13]. This research reveals that the 
most significant impact of temperature is on the output voltage of modules.  
Humidity  
Humidity effects PV performance in two ways [14]: First, by reducing the wavelength 
and intensity of light and secondly, causing higher soiling susceptibility in the PV 
modules which ultimately leads to a drop in performance. A study [15] shows that 
Relative Humidity (RH) influences PV performance. However, the degree of change in 
performance depends on other environmental parameters such as wind velocity, 
temperature, and irradiance. The RH effect on PV performance in different technologies 
has been studied in [16]. Monocrystalline, Polycrystalline, and Amorphous silicon have 
been tested outdoors, proving the RH affects the efficiency of PV performance in such a 
way that Monocrystalline is influenced the most from RH.  
Spectral influence 
PV module performance is measured at standard test conditions, whereas in the field 
spectral irradiance distribution may be different from standard test conditions (STC). This 
change of spectrum is called the spectral shift [17]. A study done on various PV 
technologies proposed a model which can be used for PV system performance modeling. 
Spectral effects on PV performance and its relation to PV technology and location is the 
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subject of a study which has shown that spectral effects are technology and location 
related, as spectral distribution varies for different locations. It is showed that absolute air 
mass has the highest impact on spectral shift [18]. 
2.5 High Internal Current Leakage (Shunt Resistance) 
Shunt resistance (ܴௌு) makes an alternative path for current in a PV cell, as depicted in 
Figure 8, this lead to power loss and performance degradation. 
Figure 8 Shunt Resistance in a PV Cell [1] 
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Figure 9 shows the effect of shunt resistance on an I-V curve. The shunt resistance 
mainly affects FF and the slope of the curve around short circuit. This slope can be used 
to determine the shunt resistance value. Shunt resistance is mainly due to fabrication 
defects in the PV cells. A comprehensive study on the shunt resistance in PV cells [19] 
identified nine different type of shunt resistances. In this study thermography and 
Scanning Electron Microscope (SEM) techniques have been utilized. The research 
concluded that the most important reasons for shunt resistances are: residual of the 
emitter (top layer) at the edge of the cells, cracks, recombination of electrons holes at the 
edge of cells, Schottky-type shunts below the metallization grid on the top surface of 
cells, scratches, and aluminum particles at the surface of cells. 
 
 
Figure 9 Effect of Shunt Resistance in I-V Curve [1] 
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3 METHODOLOGY 
Figure 10 outlines the process flow of the study. The modules which have been selected 
for this study are 15 years old field aged modules. In the following sections, the blocks of 
this flowchart are described in more detail. 
Figure 10 Process Flow of the Study 
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3.1 Validation of Radiometers’ Data 
The radiovoltmeter (RVM) performance measurement technique is applied to the 
individual PV modules connected in a string. The general principle of this technique is to 
find each module’s power and identify the underperforming module in a PV string 
connected to an inverter through the module’s operating voltage. To validate this 
technique and to find out how accurate it is, twelve field aged modules of the same model 
and age (15 years) were installed on a mock rooftop available at ASU-PRL. Since the 
field aged modules in a string can degrade at different rates, it is important to determine 
the degradation rates of the individual modules in a string so an appropriate warranty 
claim can be made with the module manufacturers. Figure 11 shows the twelve modules 
forming a string. 
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Figure 11 Rooftop Modules Utilized in This Study 
Electrical specification of these modules are shown in Table 1.  
Table 1 Electrical Specification of Modules 
Module Type PW1000@ STC 
Typical peak power 95W 
Voltage @ max power 34V 
Current @ max power 2.8A 
Short circuit current 2.9A 
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Open circuit voltage 43.2V 
Minimum power 90.1W 
3.2 String Level Approach 
The left part of the flowchart in Figure 10 includes string level approach experiments. In 
these scenarios all twelve modules are interconnected in series and connected to the grid 
via a string inverter. A DC circuit breaker is installed on the DC side of the inverter and 
an AC circuit breaker on the AC side. The DC circuit breaker can be used to isolate the 
PV string from the grid which is helpful for measuring the open circuit voltage. RVMs 
measure the modules’ voltage and send the data to the RVM receiver wirelessly. A PC 
collects the received data for monitoring. The schematic of this setup has been shown in 
Figure 12. 
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Figure 13 Partial RVM Display 
Figure 12 The Schematic of Experiment Setup for String Level Approach Study. Mod 1 – Mod 12 Are PV
Modules, R1-R12 Are RVM Devices, S1 and S2 Are DC and AC Circuit Breaker Respectively, G Is the Grid, 
PC Is a Computer with Dedicated Software, and Receiver Is the Device Which Communicate with RVMs 
Wirelessly 
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3.2.1  Radiovoltmeter (RVM) Tester 
RVM tester is an electronic device which enables us to measure modules’ voltage 
synchronously and remotely. Since the irradiance received by PV modules is time 
dependent, the key point in this study is to measure all modules output power 
simultaneously; otherwise, translation models are required for comparison between 
modules which could yield inaccurate results. Figure 14 shows the RVM and receiver 
device used in this study. They were manufactured by PV Measurements, Inc.  
 
Figure 14 RVM and Receiver of PV Measurements, Inc. 
 
Receiver 
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3.2.2 Normal Operation 
This is a test to measure the performance of each module while all modules are in series 
and working in Maximum Power Point Tracking (MPPT). An RVM is connected in 
parallel to each module, forming a string, and the string is connected to an inverter. The 
inverter delivers the maximum power to the grid and forces the modules to work at 
maximum power and maximum voltage therefore, the voltage measured by the RVM is 
the maximum voltage. Due to the series connection of the modules, the current passing 
through all the modules is identical. In order to calculate the power of each module the 
module’s voltage needs to be multiplied by a constant value (module current). However, 
in practice the voltage value which is directly proportional to the power can be used 
directly for performance comparison among modules. 
3.2.3 Shading of Cells 
This experiment is to study the effect of shading on PV performance and investigate this 
effect on RVM measurement. Some cells of a module are covered and the voltage of all 
modules are measured by RVMs. Different types of shading patterns are tested in these 
experiments, and their effects on RVM measurements are studied in detail, shown in 
Figure 15. 
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a b 
c d 
e f 
Figure 15 Shading Patterns, a) One-cell Shading, b) Horizontal Two-cell Shading, c) Vertical Two-cell Shading, d) 
Half One-cell Shading, e) Horizontal Half of Two-cell Shading, f) Vertical Half of Two-cell Shading 
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3.2.4 Soiling of Cells 
Accumulated dust on the surface of PV modules blocks sunlight which results in the 
modules not being able to receive full irradiance this effect is called soiling loss. This 
effect, in terms of performance, is studied in this experiment. A module is artificially 
soiled and then the voltages of the modules are measured via the RVMs. Figure 16 shows 
the soiling pattern in this experiment. 
 
Figure 16 A Typical Soiling Pattern for This Experiment 
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3.2.5 Adding Extra Resistance  
PV performance loss due to series resistance is one of the most significant losses in PV 
modules. Series resistance causes voltage drops and reduces the voltage received by the 
inverter. In this experiment the effect of series resistance on PV performance and its 
effect on the RVM measurements are studied. Figure 17 depicts the schematic of this 
experiment. A variable resistance is added to module12 as shown in Figure 18. 
Figure 17 Extra Resistance Added to Module 12 (Rser) 
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Figure 18 String under Test with Extra Resistance Added to Module M12 
3.3 Module Level Approach 
The right part of the flowchart in Figure 10 includes Module Level Approach 
experiments. In these series of experiments PV modules are isolated from the grid and 
connected to the Multi Curve Tracer (MCT). An RVM is also connected in parallel with 
each module for measuring the voltage. This set up is shown in Figure 19.  
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3.3.1 Multi Curve Tracer 
A Multi Curve Tracer (MCT) is used to obtain the I-V curves of all modules at once. 
Synchronous tracing eliminates the need for translation formula which decrease accuracy. 
The Daystar Multi-Tracer 5 has been used in this study. Measuring I-V curves in the PV 
industry are one of the most informative tests available, however, it is very time 
consuming and expensive. This experiment is conducted to evaluate the health of 
modules and prove that the RVM technique is reliable. From the I-V curves the 
Figure 19  The Schematic of Experiment Setup for Module Level Approach Study, RVMs and MCT 
Channels Are in Parallel, RVMs Comes to Opearaton Only in the Second Experiment (Section 3.3.3) 
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parameters of modules (series resistance, parallel resistance, open circuit voltage, short 
circuit voltage) can be extracted which provides valuable information about the modules. 
3.3.2  MCT Test Setup 
As mentioned earlier the MCT is used to obtain the I-V curve of all modules in the string 
synchronously. The test setup can be seen in Figure 20. All 12 modules are wired up to 
the tracer. The harness of these wires can be seen in the picture which shows this 
technique is difficult to perform and very time consuming in the field with hundreds of 
PV strings. 
 
Figure 20 Multi Curve Tracer Test Setup and Wires Connecting Modules to MCT Load Unit 
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a b 
Figure 21 a) Load Unit and b) Control Unit of MCT Utilised in This Study 
3.3.3 Combination of MCT and RVM 
In this experiment RVMs are connected in parallel with each module (see Figure 19) and 
the data is collected to compare with the MCT data. During a specific period of 10 
minutes, the MCT sweeps the voltage and current of modules every minute (10 sweeps in 
total) to obtain Vmp, Isc, Vop and Pmax. The modules are placed in MPPT mode 
between two sweeps by the Multi Curve Tracer. While the modules are in MPPT mode, 
the RVMs take 10 samples of voltage of each module. Figure 22 shows the sampling 
sequence comprehensively. This test is preformed to compare and validate RVM data 
with the data obtained by the MCT. 
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Figure 22 Sampling Sequence When Both RVMs and MCT Are Involved 
3.4 IR Imaging 
IR imaging has been performed to identify hot spots on the modules. Some of these hot 
spots are deemed as normal, including hot spots on a shaded cell. However, the objective 
of IR imaging is to identify abnormal hot spots which could develop in any stage of the 
study and to identify the reason of that. 
 
 
 
 
 
 
 
30 
 
4 RESULTS AND DISSCUSIONS 
4.1   String Level Approach Experiments 
Twelve aged modules are connected in series and a RVM connected in parallel with each 
module, measures the module’s voltage, shown in Figure 12. All modules went through 
various tests including shading, soiling, and series resistance to evaluate the effect of 
these tests in the RVM measurements. 
4.1.1 Normal Operation 
 The goal of the RVM technique is to find the modules’ power and to identify the 
underperforming modules in the field. Usually several of modules are tied in series to 
make a string. The string delivers the energy to the grid through an inverter. The string’s 
power and current can be easily obtained from the inverter so that the underperforming 
string can be easily identified. The next step is identifying the underperforming module 
within the underperforming string. In this experiment it has been assumed that the low 
performing string has been determined and the test is being performed to identify the 
underperforming module(s) of the string. The power and current of the string are 
mentioned in Table 2. Also in this table irradiance and temperature are presented for 
better understanding of the operating conditions. Twelve ௠ܸ௣s (voltage at maximum 
power) are obtained by RVMs as shown in Figure 23. The power of each module in this 
figure is calculated from the following formula. 
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௡ܲ ൌ ܫ௦௧௥ ∗ ௠ܸ௣೙ 4-1 
Where ௡ܲis the power of nth module, ܫ௦௧௥ is the string current obtained from inverter or 
Hall current sensor, and ௠ܸ௣೙ is the voltage of nth module measured by RVM. 
Table 2 Normal Operation Test Parameters 
Irradiance 
Irr @ test time 
ܹܽݐݐ ݉ଶൗ  
Power of string
ௌܲ௧௥ @ MPPT 
ܹܽݐݐ 
Current of String
ܫ௦௧௥ @ MPPT 
ܣ݉݌ 
Average temperature  
Ԩ 
974 747 2.38 53 
 
 
Figure 23 Voltage and Power of Modules Measured by RVM While the String Is in Normal Operation 
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Figure 24 shows the power and voltage mismatch of the modules with respect to module 
M1 which has the best performance. In this figure the value of voltage and power 
mismatch is the same because power is proportional to voltage, as shown in equation 4-1. 
Figure 23 and Figure 24 demonstrate small differences between the module’s 
performances these figures reveal that the module M3 has the lowest performance and 
module M1 has the best performance, other modules come in between these two. 
 
Figure 24 Percentage of Mismatch of Voltage and Power of Modules with Respect to the First Module (Highest 
Performing) 
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Figure 25 shows the IR image of the string as it can be seen in this figure there are some 
spots at the edges of the modules which are slightly hotter than other spots. These warmer 
spots are occurring due to the placement of the junction boxes attached to the back of 
each module at this spot. The current from all the cells end up at the junction box so the 
higher current density yields the noticeable temperature rise. The average temperature in 
this figure is 53C which has been reflected in Table 2. 
4.1.2 Shading	Effect	
In these experiments the effects of shading on RVM measurements is studied. The 
objective of these experiments is to verify that the influence of shading on RVM 
measurement conforms to what is expected. Different shading patterns have been tested 
and in each test, voltage and power of each module as well as the IR images have been 
presented. The list of shading patterns tested is as follows: 
 One cell shading 
 Horizontal shading 
Figure 25 IR Image of String under Normal Operation, Average Temperature 53଴ܥ 
34 
 
 Vertical shading 
 Half one-cell shading 
 Half horizontal shading 
 Half vertical shading 
Figure 25 to Figure 30 show the shading patterns. In vertical patterns, shown in Figure 27 
and Figure 30, two cells in two different strings, string1 and string2, are involved with 
shading whereas in other cases only one string is involved. 
 
Figure 25 One-cell Shading Pattern 
 
Figure 26 Horizontal Shading Pattern 
 
Figure 27 Vertical Shading Pattern 
 
Figure 28 Half One-cell Shading Pattern 
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Figure 29 Half Horizontal Shading Pattern 
 
Figure 30 Half Vertical Shading Pattern 
Voltage and Power measurements 
Module M1 (see Figure 11) has been chosen for shading. This module goes through six 
shading experiments and the effect of the experiments is being investigated in all 
modules’ voltage and power. The Voltage of the modules is measured by the RVMs, 
whereas the output power and current of the strings are obtained by the inverter. For each 
experiment the voltage and power of each module as well as the percentage of their 
mismatch are measured. To calculate the power of each module, equation 4-1 has been 
used. Figure 31 to Figure 42 shows a significant voltage drop in module M1 whereas 
other modules maintain their normal ௠ܸ௣. As expected, module M1 has the lowest 
performance due to shading. However, the amount of voltage and power loss of this 
module varies according to the type of shading. Vertical shadings, Figure 36 and Figure 
42, exhibit the highest loss of about 70% whereas the power and voltage loss in other 
cases is about 35%. These results perfectly conform to what is expected and can be 
justified as follow: 
 In vertical shadings two strings, String1 and String2, are affected by shading, as a 
result, bypass diode D1 and D2 have been triggered. The triggering of two bypass 
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diodes result in voltage and power drop of about two third of normal voltage and 
power. 
 In other cases, only one string, String1, of the module is affected by shading, as a 
result, only bypass diode D1 is triggered. This cause a voltage and power drop of 
about one third of the normal voltage power. 
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Figure 31 Vmp and Pmp of Modules for One-cell Shading 
 
Figure 32 Vmp and Pmp Mismatch for One-cell Shading 
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Figure 33 Vmp and Pmp of Modules for Horizontal Shading 
 
Figure 34 Vmp and Pmp Mismatch for Horizontal Shading 
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
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Figure 35 Vmp and Pmp of Modules for Vertical Shading 
 
Figure 36 Vmp and Pmp Mismatch for Vertical Shading 
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Figure 37 Vmp and Pmp of Modules for Half One-cell Shading 
 
Figure 38 Vmp and Pmp Mismatch for Half One-cell Shading 
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Figure 39 Vmp and Pmp of Modules for Half Horizontal Shading 
 
Figure 40 Vmp and Pmp Mismatch for Half Horizontal Shading 
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Voltage @MPPT(Vmp) 17.90 26.06 23.25 26.88 23.51 27.14 25.30 25.88 27.70 26.67 27.92 26.32
Power @ MPPT(Pmp) 44.15 64.26 57.34 66.30 57.98 66.93 62.39 63.82 68.30 65.77 68.86 64.90
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Figure 41 Vmp and Pmp of Modules for Half Vertical Shading 
 
Figure 42 Vmp and Pmp Mismatch for Half Vertical Shading 
 
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
Voltage @MPPT(Vmp) 7.80 26.06 23.07 26.75 23.73 26.82 24.93 26.10 27.70 26.94 28.05 26.63
Power @ MPPT(Pmp) 18.86 62.98 55.76 64.66 57.36 64.83 60.26 63.09 66.94 65.10 67.79 64.37
0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
VO
LT
/W
AT
T
Vmp and Pmp of modules for half 
vertical shading
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
Vmp and Pmp mismatch 72.2% 7.1% 17.7% 4.6% 15.4% 4.4% 11.1% 6.9% 1.2% 4.0% 0.0% 5.0%
0.0%
10.0%
20.0%
30.0%
40.0%
50.0%
60.0%
70.0%
80.0%
PE
CE
N
T O
F M
IS
M
AT
CH
IN
G
Vmp and Pmp mismatch for half vertical 
shading
43 
 
IR imaging  
The IR imaging shows higher temperature at shaded cell. These images confirm that all 
modules are working normally expect the shaded module. Developing hot spots during 
the test other than hot spot at shaded cell could mislead into the wrong conclusion. The 
shaded cell(s) become hot because the string which its cell(s) are shaded dump their 
energy into shaded cell(s) and this lead to a temperature rise in shaded cell(s). 
 
Figure 43 IR Image of String for One-cell Shading 
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Figure 44 IR Image of String for Horizontal Shading 
  
Figure 45 IR Image of String for Vertical Shading 
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Figure 46 IR Image of String for Half One-cell Shading 
 
Figure 47 IR Image of String for Half Horizontal Shading 
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Figure 48 IR Image of String for Half Vertical Shading 
 
4.1.3 Soiling Effect 
Soiling loss is a very common issue in PV energy systems. In this study, module M12 is 
artificially soiled as seen in Figure 49. This experiment ensures that the RVM 
measurements under soiled conditions work correctly and is not affected by the soiling. 
Figure 50 shows the voltage and power of the modules. The lowest voltage and power 
values are exhibited by the soiled module (M12), and other modules are seen to perform 
normally. Figure 51 shows that module M12 has about 38% mismatch (loss) which is 
normal. Because the soiling pattern only affects string1 of the module, the associated 
bypass diode has been triggered and the voltage and power drop to about two thirds of the 
normal value. 
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Figure 49 Soiling Pattern Utilized in the Experiment 
 
 
 
Figure 50 Vmp and Pmp of Modules for Soiling Experiment 
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Figure 51 Vmp and Pmp Mismatch for Soiling Experiment 
4.1.4 Series Resistance Effect  
In this experiment, extra series resistance is added to module M12. The added series 
resistance increases the module’s serial resistance artificially.  Figure 52 shows the 
modules’ voltage and it can be seen that module M12 exhibits a voltage drop. Five 
resistor values have been tested. In this figure it can be easily seen that the module M12 
voltage decreases with respect to resistance values, whereas other modules keep working 
normally. This experiment demonstrates that if a module’s underperformance is due to 
high series resistance, it can be identified by the RVM technique easily. 
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Figure 52 Modules Voltages after Adding Extra Resistance to Modules M12 
4.2  Module Level Approach Experiments 
4.2.1  Modules Evaluation Using MCT 
Multi Curve Tracer (MCT) has been utilized to trace all module I-V curves at once. 
Figure 53 and Figure 54 show I-V curves and P-V curves of all modules respectively 
obtained from the MCT. Figure 54 indicates that module M1 has the best performance, 
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whereas module M3 has the worst performance. The performance of the other modules 
come in between these two modules. Figure 55 shows the ௠ܲ௣ measured by RVM in 
section 4.1.1 and ௠ܲ௣  measured by the MCT side by side.  
 
Figure 53 I-V Curve of All Modules Taken by MCT 
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Figure 54 P-V Curve of All Modules Taken by MCT 
The two set of bars in Figure 55 follow the same pattern except that the power measured 
by the MCT is slightly higher than the power measured by the RVMs which is quite 
normal because the MCT performs module level MPPT, whereas in RVM measurements, 
the inverter performs the MPPT at the string level. If all modules were perfectly identical 
then there would be no difference between these two measurements. This experiment 
demonstrates that the information about the modules obtained in section 4.1.1 conforms 
to the result of this test which verifies the RVM technique works correctly. 
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Figure 55 Pmp Obtained from RVM and by MCT Translated at the Same Temperature and Irradiance 
 
4.2.2 MCT and RVM Combination 
This is an experiment in which the MCT and the RVM are connected to the modules 
simultaneously, Figure 19. Through this experiment two synchronized sets of data are 
collected one by the RVMs and one by the MCT. Timing of collecting this data is 
presented in Figure 22. Figure 56 to Figure 67 shows the voltage of the modules with 
respect to time. The green curve is the module’s voltage measured by the RVM and the 
red curve is the module’s voltage measured by the MCT and the purple curve shows the 
average of the green curve for each 10 samples. These three curves are expected to be 
identical and exhibit equal values. However, the MCT measurements (red curves) 
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demonstrate some fluctuations which is normal because the MCT tries to track the 
maximum power point by making a small change in the modules’ voltage. RVM 
measurements, on the other hand, must be equal to the MCT measurements, whereas the 
green curve from the RVM measurements exhibits noise. The reason for these can be 
attributed to the measurement noise and quantization error. To reduce this, some 
modifications may be needed in signal processing such as modification in filtering as 
well as modification in the analog to digital converter. Taking the average of the green 
curve is a simple post-processing method for noise reduction. In Figure 56 to Figure 67 
the purple curve is the average of the green curve which is much smoother than the green 
curve and much closer to the red curve. 
Figure 56 Modules M1 Voltage by RVM and MCT 
 
Figure 57 Modules M2 Voltage by RVM and MCT 
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Figure 58 Modules M3 Voltage by RVM and MCT Figure 59 Modules M4 Voltage by RVM and MCT 
Figure 60 Modules M5 Voltage by RVM and MCT 
 
Figure 61 Modules M6 Voltage by RVM and MCT 
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Figure 62 Modules M7 Voltage by RVM and MCT 
 
Figure 63 Modules M8 Voltage by RVM and MCT 
Figure 64 Modules M9 Voltage by RVM and MCT 
 
Figure 65 Modules M10 Voltage by RVM and MCT 
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Figure 66 Modules M11 Voltage by RVM and MCT Figure 67 Modules M12 Voltage by RVM and MCT 
 
Error analysis  
The error of the RVM measurements can be qualified by Root Mean Square of Error 
(RMSE). The definition of RMSE is as follows: 
ܴܯܵܧ ൌ ඩ1ܰ෍ሺܯ௜ െ ܴ௜ሻଶ
ே
௜ୀଵ
 
Where N is the number of samples, ܯ௜ is the voltage measured by the MCT and ܴ௜ is the 
voltage measured by RVMs. Twelve calculated RMSE are shown in Figure 68. 
 ܴܯܵܧ ൐ 0.5 reflects poor accuracy whereas ܴܯܵܧ ൏ 0.1 reflects accurate 
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measurement. RMSEs in Figure 68 range from 0.1 to 0.3 which is reasonable. However, 
the techniques presented in previous section can improve the RMSE. 
 
Figure 68 Root Mean Square of the Error Between RVM Measurement and MCT Measurements 
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5 CONCLUSIONS 
The RVM measurement technique has been presented in this study. This is a new 
technique by which one would be able to measure the power and identify 
underperforming module(s) and determine the degradation rate. The key conclusions of 
this thesis work are as follows: 
• RVM offers a quick and quantitative method for the power determination of 
individual modules in a string. 
• To identify the underperforming modules in a string, simultaneous data 
acquisition using RVMs, eliminates the need for I-V translation models, 
temperature sensor, and irradiance sensor. 
• To determine the degradation rates of modules in a string, simultaneous data 
acquisition using RVM eliminates the need for multiple irradiance and 
temperature measurements. 
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